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ABSTRACT 

A search for 6 arcsec to 15 arcsec image separation lensing in the Jodrell Bank- Very Large 
Array Astrometric Survey (JVAS) and the Cosmic Lens All-Sky Survey (CLASS) by Phillips 
et al. found thirteen group and cluster gravitational lens candidates. Through radio and op- 
tical imaging and spectroscopy, Phillips et al. ruled out the lensing hypothesis for twelve of 
the candidates. In this paper, new optical imaging and spectroscopy of JO 122+427, the final 
lens candidate from the JVAS/CLASS 6 arcsec to 15 arcsec image separation lens search, are 
presented. This system is found not to be a gravitational lens, but is just two radio-loud ac- 
tive galactic nuclei that are separated by ~10 arcsec on the sky and are at different redshifts. 
Therefore, it is concluded that there are no gravitational lenses in the JVAS and CLASS sur- 
veys with image separations between 6 arcsec to 15 arcsec. This result is consistent with the 
expectation that group- and cluster- scale dark matter haloes are inefficient lenses due to their 
relatively flat inner density profiles. 
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1 INTRODUCTION 



The Jo drell Bank-Very La r ge Array (VLA) As t rometric Survey 
(JVA S; IPatnaik et al] Il992l : iBrowne et all [l998l : IWilkinson etal 



1998) and the Cosmic Len s All-Sky Survey (CLASS ;|Browneetal 



2003; iMvers et all 2003) are the largest, statistically complete 



searches for gravitationally lensed radio-loud active galactic nu- 
clei (AGN). Together, these two surveys found 22 gravita- 
tional lens systems with image separations between 0.3 arc- 
sec < A#se P ^ 6 arcsec, which corresponds to the galaxy- 
scale regime of gravitational lensing. The lens systems discov- 
ered by JVAS and CLASS have been used, fo r example, to de- 
termine the mass profile of lensing g alaxies dCohn et al.l l200ll ; 
IWucknitz etal . 2004; Suvu et al. 2009), investigate the impact of 
baryon cooling jKpchanek & White 200j]), q uantify the level of 
low mass-substruc t ure in the lensing haloes (Bradac et al. 2002; 
Bigg s etal J |2004 balal & Kochanekl 120021; iKochanek & D alai 
20041 : iMcKean et al] l2007bl: Ijackson et al.1 [2 010). measure the 



Hubble constant dBiggs et all Il999l : iKoopmans et all l2000l : 
iFassnacht et aDl2002l ; lYork et al.ll2005l ISuvu et alJbOld) and in- 



vestigate the high red shift Universe ( Barvainis & IvisoiJ |2002| ; 
Impe llizzeri et al.ll2008l) . The gravitational lensing statistics from 
the JVAS and CLAS S surveys have a lso been used to constrain 
cosmological models (Chaeetal ]l2002h . 

The JVAS and CLASS surveys targeted flat- spectrum radio 
sources (a ^ —0.5 where S u oc is a ), which typically show com- 
pact radio emission on sub-arcsec scales. The surveys were carried 
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out with the VLA at 8.46 GHz in A-configuration, which had a 
beam- size of ~ 200 mas and reached a sensitivity of ~ 200 /xJy 
in just 30-s of integration. During the course of JVAS and CLASS, 
over ^15 000 radio sources were observed with the VLA. How- 
ever, using the N VSS (National Rad io Astronomy Observatory 
VLA Sky Survey: [Condon et al.lll998l) catalogu e at 1.4 GHz and 
the GB6 (Greenbank 6 cm; Gregor y et al. 1996) catalogue at 4.85 
GHz, a complete sample of 1 1 685 flat- spectrum radio sources with 
5*4.85 GHz ^ 30 mJy was defined. The observing set-up used for the 
JVAS and CLASS surveys made it possible to also search for ex- 
amples of gravitational lensing by groups of galaxies and galaxy 
clusters. Lensing by more massive haloes like these would result in 
a larger separation between the lensed images. IPhillips etal] fcoOD 
carried out such a search by inspecting all of the images produced 
during the JVAS and CLASS VLA observations and found thirteen 
gravitational lensing candidates with image separations between 
6 arcsec ^ A# S e P ^15 arcsec. The upper- limit of this lens search 
was set to reduce the number of random alignments and limit the 
possibility of variability, coupled with a large lensing time-delay, 
changing the observed properties of the candidate lensed images. 

These lens candidates were re-observed using the VLA and 
observed with MERLIN (Multi-Element Radio Linked Interfero- 
metric Network) between 1.4 and 15 GHz to investigate the radio 
spectral energy distributions, polarization and morphology of the 
radio sources. Optical spectroscopy was also carried out to deter- 
mine the redshifts, in some cases. From these observations 12 of the 
candidates were rejected as gravitational lens systems with wide 
image separations. The one remaining candidate, J0122+427, has 
two radio sources (A and B) separated by 9.9 arcsec that are un- 
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resolved when observed with the VLA and MERLIN. Both radio 
sources have similar radio spectra up to 15 GHz, although there 
is evidence of a turnover in J0122+427B at around ~ 8.46 GHz. 
The flux-ratio (A/B) of the two radio sources is ^ 1.4 between 
1.4 an d 8.46 GHz, and increases to ~ 2.4 at 15 GHz dPhillios et all 
l200ll) . Based on the radio properties of these two sources it was 
not possible to rule out the gravitational lensing hypothesis for this 
candidate. 

To determine if the two radio sources from JO 122+427 are 
gravitationally lensed or not, new optical imaging and spectroscopy 
of the system has been carried out, which are presented in this pa- 
per. The observations and results are presented in Sections [2 and 
[3] respectively. The lensing hypothesis for this system and gravita- 
tional lensing by galaxy groups are discussed in Sectional 



2 OBSERVATIONS & DATA ANALYSIS 

Optical imaging and spectroscopic observations of JO 122+427 A/B 
were carried out with the 4.2-m William Herschel Telescope 
(WHT) at the Observatorio del Roque de los Muchachos on La 
Palma. These observations were taken on 2000 September 25 and 
26 as part of the WHT service programme. The conditions on both 
nights were clear and the full width at half maximum (FWHM) 
seeing was ^0.5-0.7 arcsec. 

The imaging data were taken through the Aux-port imager, 
which has an approximate field-of-view of 2 arcmin and has 0.216- 
arcsec sized pixels. Single 300-s exposures of the J0122+427 field 
were taken with the V- an d /-band filters. The faint standard star 
SA-92-426 (Landolt 1992) was also observed to determine the flux 
calibration. The astrometric calibration was added to the images by 
fitting to the positions of United States Naval Observatory (USNO) 
stars; the resulting fit had an rms of ^0.35 arcsec, which includes 
the systematic scatter in the USNO catalogue. 

The spectroscopic observations were carried out using the 
Intermediate-dispersion Spectrograph and Imaging System (ISIS). 
This instrument has a blue and a red arm that can be used simulta- 
neously to obtain data over the optical part of the spectrum. The 
R158B (3.25 A pixel" 1 ; centred at A c = 4606 A) and R158R 
(2.91 A pixel -1 ; centred at A c = 7599 A) gratings were used with 
the blue and red arms, respectively, and together provided spectra 
between 3000 and 9300 A. The spectra were taken using a 1.5 arc- 
sec wide longslit and as 3 x 1800-s exposures, giving a total inte- 
gration time of 1.5 h. Exposures of CuAr and CuNe arc-lamps were 
taken either before or after each set of science observations to de- 
termine the wavelength calibr ation, whic h had an rms of ^0.3 A. 
The standard star Feige 110 Jok3fl990) was observed usins the 
same set-up as the science frames to remove the response of the 
spectrograph and to obtain an approximate flux calibration. The 
imaging and spectroscopic data were reduced within IRAF (Image 
Reduction and Ana lysis Facility) using standard procedures (see 
iMcKean et alll2004l for details). 



3 RESULTS 

The V- and /-band images of the candidate gravitational lens system 
are shown in Fig.Q] The optical counterpart of J0122+427A is de- 
tected 0.7 arcsec from the radio position and is found to be a point 
source at both bands. There is a faint and extended galaxy which 
is 0.9 arcsec from the expected position of J0122+427B, which is 



Table 2. The wavelengths of the emission lines detected from JO 122+427 A 
at redshift 2.130 ±0.002. 



Line A res t A G b s Redshift 

(A) (A) 



Lyo; 


1216 


3811 


2.134 


Si IV 


1398 


4377 


2.131 


C IV 


1549 


4854 


2.134 


Cm] 


1909 


5962 


2.123 


Mg 11 


2798 


8752 


2.127 



assumed to be the optical counterpart of the radio source. Photom- 
etry of the two optical identifications was carried out using circular 
apertures with 5-arcsec diameters and the apparent magnitudes are 
given in Table Q] The flux-ratios (A/B) of the two sources at V- 
and /-band are ^11 and ~6, respectively. Note that if the faint ex- 
tended galaxy is not associated with J0122+427B, then based on 
the 3a limiting magnitudes, the flux-ratio between A and B would 
be > 30 and > 10 in the V- and /-bands, respectively. There is no 
evidence of a cluster or group in the form of luminous red galax- 
ies around the lens system, although a very faint object is found 
between the two candidate lensed images. 

The optical spectra of the two radio sources are shown in 
Figs. [2 and [3] The spectrum of J0122+427A has a strong contin- 
uum flux and shows five broad emission lines that are identified 
as Lya, Si IV, C IV, C III and Mg II at redshift 2.13. The results of 
Gaussian profile fits to these lines are given in Table [2 The high 
redshift, broad emission lines, blueish colour and point-like optical 
morphology are all consistent with JO 122+427 A being a quasar. 
Interestingly, the two highest signal-to-noise ratio lines in the spec- 
trum, Lya and C IV, also show blue- shifted absorption from pre- 
sumably out- flowing gas. The spectrum of J0122+427B is much 
weaker and the continuum was only marginally detected in the red 
part of the spectrum, consistent with the red colour found from 
the optical imaging. There is a la detection of an emission line 
at 6661 A, which is not coincident with a sky-line or a cosmic ray 
event. However, this line does not correspond to anything at red- 
shift 2.13. Likely identifications for the line are [Oil] at redshift 
0.78 or H(3 at redshift 0.37, given the faintness of the optical emis- 
sion, which probably rules out Ha at very low redshift. The detec- 
tion in the V-band imaging probably rules out Lya at high redshift 
because the flux blue- ward of the line would be absorbed away as 
part of the Lyman forrest. 



4 DISCUSSION & SUMMARY 

The optical imaging and spectroscopic data for JO 122+427 A/B 
rules out the lensing hypothesis for this system. This conclusion 
is based on the differences in the optical morphologies, the in- 
consistent optical and radio flux-ratios, the lack of a suitable lens 
between the two candidate images and from their differing spec- 
tra and redshifts. Therefore, the JVAS/CLASS search for 6 arc- 
sec < A# sep ^15 arcsec lensing has found no new gravitational 
lens systems. 

The lensing statistics of the JVAS and CLASS 6 arcsec 
to 15 arcsec imag e separation lens search were analyzed by 
Phill ips ctalJ f200n. They concluded that if the lensing mass dis- 
tributions of groups and c lusters were isotherma l, as is the case for 
galaxy-scale lenses (e.g. lKoopmans et al]|2009l) . then there should 
be around four new lens systems found from the JVAS/CLASS 
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Table 1. Results from the optical photometry and spectroscopy of the two candidate gravitationally lensed radio sources. The photometry h as been carried out 
using a circular aperture with a 5 arcsec diameter. The positions are taken from the CLASS 8.46 GHz radio observations (Myers et al. 2003) and are in J2000 
co-ordinates. The offsets to the optical positions are given relative to the radio positions. 



Image 


RA 


Dec. 


ARA 


ADec. 
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V - I 


Redshift 




m 


(° ' ") 


(arcsec) 


(arcsec) 


(Ve^ 


\?i magnitudes) 






J0122+427A 


01:22:24.735 


+42:45:21.10 


+0.61 


+0.26 


20.53 + 0.02 


19.96 + 0.05 


0.57 


2.130 + 0.002 


J0122+427B 


01:22:24.026 


+42:45:27.19 


-0.79 


-0.46 


23.12 + 0.21 


21.82 + 0.25 


1.30 


0.37/0.78? 



complete sample of 1 1 685 flat-spectrum radio sources. The lack of 
gravitational lensing in this range of image separations was inter- 
preted as galaxy groups and clusters being less efficient lenses due 
to a flattening of th eir total dark and luminous mass profiles (see 
Phillips et al. 2001 for a detailed discussion), in agre ement with 
the results from numerical simulations (e.g. Navar ro et al ][l99i) 
and lensing studies of clusters fe.g. lSand et al.ll2002[h 

The largest image separation lens sy stem found by the 
JVAS and CLASS surveys is B2108+ 213 jMcKean et all 120051 : 
IFassnacht et al.ll2008l ; lMore et al.ll2008h . which has two lensed im- 
ages of a radio-loud AGN that are separated by 4.56 arcsec. Further 
observations found that the B2 108+2 13 lens is a group of galax- 
ies and that the inner mass pro file of the lens is consistent with 
an isothermal mass distribution (McKea net al.ll2O10h . However, in 
this case the lensing is dominated by the brightest group galaxy. 
This galaxy is massive and is at the centre of the group, which 
increases the local surface-mass density above the critical limit for 
lensing. Therefore, the case of B2108+213 may not be indicative of 
a typical galaxy group and it may be the case that group-scale mass 
distributions are in general flatter than their galaxy- scale counter- 
parts. 

The rarity of group and cluster lensing of AGN is high- 
lighted by the few confirmed cases of gravitational lenses with 
large lensed-image separations. There are only three known 
gravitationally lensed AGN that have image separations larger 
than 6 arcsec; B0957+561, the first g ravitational lens discov- 
ered (Walsh, Cars well & Wevmannlll979h and two systems from 
the Sloan Digital Sky Survey (SDSS), namely, J1004+4112 



dlnada et al.ll2003h and J1029+2623 dlnada et al]l2006h . Based on 
the gravitational lensing statistics of the SDSS, the probability 
of finding a wide-image separation gravitational lens system is 
1:36287 dlnada et al.ll2010l) . This is much smaller than the rate 
of finding galaxy- scale lenses, for example, 1:2016 fo r the SPSS 
dlnada et alJ EoToh and 1:689 for the JVAS/CLASS dChae et all 
l2002h lens searches. Note that the selection function of the SDSS 
and the JVAS/CLASS surveys are different, which is why their 
lensing probabilities are not the same. 

To find additional cases of group and cluster lensing will 
require a larger number of the background source population to 
be survey ed. Based on the nu mber counts of flat- spectrum radio 
sources dMcKean et ai]l2007ah . extending the JVAS and CLASS 
surveys down to S±. 85 gh z ^ 5 mJy will provide a parent pop- 
ulation of ^70 000 radio sources. However, a sample this large is 
only expected to increase the number of wide-image separation lens 
systems known by a few, assuming that the redshift distribution of 
these sources is similar to that of the JVAS and CLASS parent sam- 
ples. Therefore, it seems that searches for gravitationally lensed 
AGN will not be worthwhile when it comes to looking for group 
and cluster gravitational lensing at radio wavelengths in the future. 
Alternatively, the number counts of star-forming galaxies is signifi- 
cantly larger than the radio-loud AGN population and offer a much 
better chance to observe gravitational lensing by groups and clus- 
ters. Indeed, almost all of the cluster lenses that are currently known 
have star-forming galaxies as the lensed source, that are selected by 
their optical or sub-mm emission. Recently, there has also been a 
large increase in the number of potential group- scale lenses discov- 
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Figure 2. The optical spectrum of JO 122+427 A taken with the WHT. The spectrum shows strong continuum emission and five emission lines at redshift 
2.130 ± 0.002. The relative flux-scale of the spectrum is in units of 10 -17 erg cm -2 s _1 A -1 . 
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Figure 3. The optical spectrum of J0122+427B taken with the WHT (solid; red) and the scaled sky spectrum (dashed; blue). Only faint continuum emission 
from the radio source is detected. There is a single emission line found at 6661 A that is not coincident with a sky line, a sky absorption band or a cosmic ray 
event. Assuming this line is either H/3 or [O n], then the redshift of J0122+427B is 0.37 or 0.78, respectively. The relative flux-scale of the spectrum is in units 
of 10 -17 erg cm -2 s _1 A -1 . 



ered that show extended gravitational arcs from background blue 
star- forming galaxies with image separations between 6 and 16 arc- 
sec dLimousin et al J 1 2009). The prospects of carrying out surveys 
for radio emitting star-forming galaxies behind clusters has become 
more appealing with t he advent of new or upg raded radio facilities 
(see p revious work by iGarrett et al.ll2005l andlBerciano Alba et al.1 
120101) . Simulations by Fedeli & B erciano Albal d2QQ9h find that 
over the whole sky, several 100 cluster lens systems could poten- 
tially be found from deep radio observations (^20 /iJy arcsec -2 
surface-brightness sensitivity at 1.4 GHz) that are within the sensi- 
tivity limits of, for example, the Expanded VLA. 
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